By getting the data from an ordered set of Gauss points on the flow line of a material point that passes near the weld pool, the evolution of the stress/strain tensor fields is visualized. The principal plastic strain tensor, principal deviatoric stress tensor, hydrostatic stress and temperature are visualized. This is done for three weld distortion mitigation strategies: i) pre-bending by applying a prescribed displacement, ii) applying a tensile load to the weld and iii) applying side heaters to the weld. Visualizing the evolution of the principal stress and strain vectors gives interesting insight into the mechanics of plastic deformation near a weld pool.
INTRODUCTION
The origin of residual stress and distortion in arc welds is plastic strain. If an autogenous weld is made with no plastic strain, then the residual stress and distortion would be zero when the weld cooled to a constant temperature. Stress and strain are symmetric 3D tensors that are usually represented as 3 × 3 matrices with six independent coefficients. Strain can be decomposed into elastic, thermal, phase transformation and plastic strain. Stress can be decomposed into deviatoric stress and hydrostatic stress or pressure. The von Mises yield criteria is usually used in metals. In this criteria, plastic strain only occurs when the deviatoric stress state tries to penetrate the 'yield sur- * Address all correspondence to this author.
face'. For this reason, the deviatoric stress and strain tensors are of interest. In addition, we note that stress and strain are tensor fields that have values and evolve in space-time (x, y, z,t).
How can one understand how stress and strain tensors evolve in a weld? One path to understanding is algebraic, i.e., understanding the equations that model the mechanics [1] . The other path is geometric or visual. For the authors, the visual path is the more intuitive and the fundamental ideas more easily grasped. Many published papers visualize or report tensor data in a Cartesian coordinate system, e.g, stress tensor components in a Cartesian coordinate system (s xx , s yy , s zz , s yz , s xz , x xy ). If the coordinate system is changed, the values of each of these components changes. In an axisymmetric coordinate system, cylindrical coordinates are often used. However, if the loading is not axisymmetric, the stress and strain fields will not be axisymmetric. Neutron diffraction experiments often only measure three of the six components of stress, actually they measure elastic strain. In cases such as these, what do the values of the components mean? How can they be interpreted? The only unambiguous method for reporting stress and strain data is to report their eigenvalues, eigenvectors and tensor invariants. It is important to understand that they are the only parameters that represent stress and strain tensors that are independent of the coordinate system.
It is likely that welders have tried to minimize distortion since welding began. Okerblom's book, [2] (page 227) translated from Russian to English in 1956 states, " Before finally choosing the assembly and welding sequence, it is necessary to check the effect which can be obtained from using clamps and pre-setting."
Vinokurov's book [3] translated from Russian to English in 1977 devotes and entire chapter to managing distortion in welded structures These books show that the fundamental mechanics of deformation in welded structures was well understood many years ago. The challenge has been to solve realistic Computational Weld Mechanics (CWM) problems associated with the welding process. Papers that have been published using Computational Weld Mechanics (CWM) to assess and optimize such mitigation methods include [4] and [5] and the references therein.
Radaj [6] shows as schematic with sketches of uniaxial stress-strain curves near a weld pool that attempt to convey some idea of how stress and strain evolve near a weld pool. However, the real stress and strain tensors near a weld pool are very far from uniaxial. The authors know of no publication showing the evolution of stress-strain tensors near a moving weld pool.
Stress, strain, displacement and temperature values are fields associated with a material point in space-time. Hesselink et al [7] present algorithms for visualizing the topology of the fields of second order tensors in space but not time. Unlike [7] this paper will focus on the evolution of stress and strain tensors in time on a fixed finite set of points on a line near the weld path and parallel to the weld path. For this set of points, which is chosen so that it can be interpreted as the flow line of one material point, the plastic strain, thermal strain, stress, deviatoric stress and hydrostatic stress are visualized for five welds. The five welds are for an unrestrained bar and for four mitigation techniques intended to minimize distortion and residual stress. The mitigation techniques are two pre-bending strategies, one side-heater strategy and one tensile loading strategy.
BACKGROUND THEORY
A 3 × 3 symmetric matrix has three real eigenvalues. If the three eigenvalues have distinct values, then a mathematical theorem proves that the three eigenvectors are orthogonal and are unique up to a scale factor. Given an eigenvalue λ 1 of a symmetric second order tensor, the associated eigenvector 
In words, when the eigenvector [v 1 , v 2 , v 3 ] multiplies the 3 × 3 symmetric matrix, the resulting vector has the same direction but its length scaled by the eigenvalue λ 1 . If this equation is multiplied by a scalar, e.g., a, the equation is still true. For this reason, the eigenvector is usually normalized to unit length. However, the forward and backward direction is still ambiguous. If the three eigenvalues of the 3 × 3 symmetric matrix, are equal, then every orthogonal set of three vectors are eigenvectors. If only two eigenvalues are equal, then every orthogonal set of vectors that contains the eigenvector of the distinct eigenvalue are a set of eigenvectors.
The above theory suggests that stress and strain tensors are best viewed as triads in which each eigenvector is scaled by the magnitude of its eigenvalue.
COMPUTATIONAL MODEL
The full computational model that includes thermal and stress analysis are analyzed by VrWeld software [8] . The details of the model for transient thermal and stress analysis are described below. The Computational Weld Mechanics (CWM) model in VrWeld is validated in [9] by comparing the transient temperature, strain and deflection on this bar with the experimental data from [10] .
An edge weld on a 152 x 1220 x 12.5 mm bar of Aluminium 5052-H32 shown in Fig. 1 , was employed for validation in [9] . This edge-welded-bar test is used in this paper for exploring the clamping design space to mitigate the distortion on the bar. The mesh employed is shown in Fig. 2 has 6 ,600 8-node brick elements and 9,680 nodes.
The material was aluminum 5052-H32 alloy with chemical composition Al 96.7, Mg 2.5, Cr 0.25, Cu max 0.1, Fe max 0.4, Mn max 0.1, Si max 0.25, Zn max 0.1 Wt %. The temperature dependent material properties of Al 5052-H32 were given in [10] and this data was employed in the analysis of this test. The gas metal-arc-welding process was employed to weld the specimen and the welding parameters were current 260 amperes, voltage 23 volts, travel speed 7.34 mm/s, filler metal Al-4043 with 1.6 mm wire diameter, wire feed speed 170 mm/s and the shielding gas was Argon. The specimen was allowed to cool to ambient temperature after welding was completed. 
Thermal Analysis
The 3D transient temperature is computed by solving the transient heat equation.
where h is the specific enthalpy, the super imposed dot denotes the derivative wrt to time, κ is the thermal conductivity, T is the temperature, and Q is the power per unit volume or the power density distribution. The transient heat equation was solved with a Lagrangian finite element method [11] . The power density distribution function Q [w/m 3 ], the 'Double Ellipsoid' heat source model [12] , was used with the heat source sizes; front, rear, width and depth set to 8, 16, 10 and 8 mm (see Fig. 3) .
A convection boundary condition generated a boundary flux q [w/m 2 ] on all external surfaces. This flux is computed from Eq. 3 with ambient temperature of T ambient = 300 • K and convection coefficient as a function of temperature given in Eq. 4 extracted from [13] by interpolation of experimental data.
The time step length while welding was chosen so that in one time step the heat source was required to travel one element along the weld path. Filler metal was added as the welding arc moved along the weld path, i.e., the FEM domain changed in each time step during welding. After each weld pass was completed, the time step length was increased exponentially by a factor of 1.2 per time step until the the analysis was halted. The cool down time and the maximum temperature was 3,600 seconds and 334
• K respectively when the analysis halted.
Stress Analysis
The stress analysis is quasi-static because inertial or dynamic forces are sufficiently small that they can be neglected. Therefore at each instant of time, the domain is static equilibrium. However, the temperature is time dependent and therefore the thermal strain due to thermal expansion is time dependent. If microstructure evolution is included in the model, then microstructure is time dependent. When a phase changes, then the specific volume or density of the phase changes. The incremental volumetric strain tensor in a time step is I∆V /V .
In a time step, the multiplicative deformation gradient F can be written as F = F el F pl F ∆V . The deformation gradient due thermal expansion and phase changes is F ∆V = I + I∆V /V . The deformation gradient due to visco-plastic deformation is F pl . The deformation gradient due to elastic deformation is
The reference state or initial condition for each time step is the state at the start of the time step which is constrained to be an equilibrium state.
Given the density ρ, the fourth order visco-elasto-plastic tensor D as a 6 × 6 matrix, the body force b and the GreenLagrange elastic strain ε = (F T el F el − I)/2, VrWeld solves the conservation of momentum equation that can be written in the form of Eq. 6 in which inertial forces, ρẍ, are ignored.
VrWeld solves the associated system of partial differential equation for a visco-thermo-elasto-plastic stress-strain relationship using theory and algorithms developed by J. C. Simo and his colleagues. For details see [1] . The initial state is assumed to be stress free. However, if the initial stress state was known, it could be initialized in VrWeld. The displacement boundary conditions for the test removed the rigid body modes by constraining the bottom left edge to zero displacement and to constrain the bottom right edge to zero transverse motion and zero vertical motion but allow horizontal translation.
The system is solved using a time marching scheme with time step lengths of approximately 3 seconds during welding and usually an exponentially increasing time step length when welding stops.
WELD DISTORTION MITIGATION STRATEGIES
The original weld only constrained the rigid body fixities that fix 6 DOF. The stress analysis shows a significant Ydeflection illustrated in Fig. 4 . The goal of a mitigation strategy is to reduce this deflection in order to leave the bar as straight as possible at the end of the welding process. Three weld distortion mitigation strategies; are used in this paper; i) pre-bending by applying a prescribed displacement, ii) applying a tensile load to the weld, and iii) applying side heaters to the weld. For these three mitigation strategies the evolution of the following stress/strain tensor fields of a material point are visualized and compared: the principal plastic strain tensor, principal deviatoric stress tensor, hydrostatic stress and temperature of a material point near a weld pool is visualized as the weld pool passes by. The visualization is done for time step 73 for a set of Gauss points on a line along the weld path after the weld pool has traveled 500 mm. The Gauss points in this set belong to the second row of elements below the weld path. Fig. 5 shows the temperature distribution at time step 73 and Fig. 6 shows the temperature profile along the set of Gauss points used for the visualization of tensor fields. Fig. 7 shows the principal plastic strain tensor for original weld with no mitigation. Fig. 8 shows the principal deviatoric stress tensor for original weld with no mitigation. Fig. 9 shows the principal plastic strain tensor for weld mitigated by tensile loading. Fig. 10 shows the principal deviatoric stress tensor for weld mitigated by tensile loading. Fig. 11 shows the principal plastic strain tensor for weld mitigated by nodal pre-bending. Fig. 12 shows the principal deviatoric stress tensor for weld mitigated by nodal pre-bending. Fig. 13 shows the principal plastic strain tensor for weld mitigated by prabolic pre-bending. Fig. 14 shows the principal deviatoric stress tensor for weld mitigated by nodal pre-bending. Fig. 15 shows the principal plastic strain tensor for weld mitigated by side heater. Fig. 16 shows the principal deviatoric Fig. 17 shows the hydrostatic stress for original weld with no mitigation. Fig. 18 shows the hydrostatic stress for weld mitigated by tensile loading. Fig. 19 shows the hydrostatic stress for weld mitigated by nodal pre-bending. Fig. 20 shows the hydrostatic stress for weld mitigated by prabolic pre-bending. Fig. 21 shows the hydrostatic stress for weld mitigated by side heater.
HYDROSTATIC STRESSES

RESULTS AND DISCUSSION
Each of the mitigation strategies has its own design space. Optimization analysis to find the optimal configuration of each strategy was discussed in [13] . Fig. 22 compares the final normal (Y) displacement of the bar achieved with each of the strategies. These optimal solutions are used for the visualization part. Among these strategies the best technique is the parabolic prebending.
Principal deviatoric stress tensor and principal plastic strain tensor are visualized as two main effective terms on the distortion. Comparing the components of the principal deviatoric stress tensor, tensile loading and prebending (nodal/parabolic) strategy increase tension in the longitudinal component, and compression in normal and transverse components. Larger increases from parabolic prebending results in the smaller final distortion in the bar than nodal prebending strategy. In the case of side heater, the deviatoric components becomes significantly smaller compared to the original weld. This mitigates the distortion in the bar. Two mechanisms can be described; 1) the mitigation strategies such as tensile loading and prebending, centralize the plastic strain in the weld area that absorbs the deformation work from the welding, i.e., Ω (ε T d ε) dΩ, and prevents the further deflection in the bar; 2) the mitigation strategy such as side heater, reduces the deviatoric stress that results in lower distortion.
CONCLUSION
The visualization shows that the eigenvalues of the plastic strain tensors tend to be larger when the distortion is minimized, i.e., when the mitigation strategy is most effective. The difference of plastic strain tensor between tensile loading, nodal prebending and parabolic pre-bending that puts weld under longitudinal tension, are subtle. It also happens that the eigenvalues of the deviatoric stress tensors are smaller when the distortion is minimized by side heater. In addition, the rotation patterns of the principal plastic strains differ for the different mitigation strategies.
